TiO 2 films have been deposited on ITO substrates by DC reactive magnetron sputtering technique. It has been found that the sputtering pressure is a very important parameter for the structure of the deposited TiO 2 films. When the pressure is lower than 1 Pa, the deposited film has a dense structure and shows a preferred orientation along the [101] direction. However, the nanorod structure has been obtained as the sputtering pressure is higher than 1 Pa. These nanorod structure TiO 2 films show a preferred orientation along the [110] direction. The phases of the deposited TiO 2 films have been characterized by the x-ray diffraction and the Raman scattering measurements. All the films show an anatase phase and no other phase has been observed. The results of the scanning electron microscope show that these TiO 2 nanorods are perpendicular to the ITO substrate. The TEM measurement shows that the nanorods have a very rough surface. The dye-sensitized solar cells (DSSCs) have been assembled using these TiO 2 nanorod films prepared at different sputtering pressures as photoelectrode. And the effect of the sputtering pressure on the properties of the photoelectric conversion of the DSSCs has been studied.
INTRODUCTION
Dye-sensitized solar cells (DSSCs) show a very promising future in the field of photovoltaic cells for their outstanding performance in light harvesting and low production cost compared to conventional semiconductor solar cells as well as their compatibility with flexible substrate. The cells generally employ high-area, mesoporous photoelectrodes commonly composed of a network of TiO 2 nanoparticles sensitized with an adsorbed molecular dye (O'Regan and Gratzel, 1991) . In this configuration, photoexcited dye molecules inject electrons into the porous TiO 2 network. The electrons will pass through the network until they are collected at the anode. The electron transport, recombination, and collection processes in DSSC play the very important roles and have been extensive studied (Gao et al., 2007; Burke et al., 2008; Thavasi et al., 2009; Wang et al., 2011; Wu et al., 2011 Wu et al., , 2012 Kuo et al., 2012; Kwon et al., 2012; Wang and Peter, 2012; Liang et al., 2013; Zhang et al., 2013a,b; Zhao et al., 2013; Gu et al., 2014; He et al., 2014; Park et al., 2014) . As the processes of the transport and the collection of photo-injected electrons compete with the process of the recombination, high charge-collection efficiency requires that transport is significantly faster than recombination. One dimension (1D) materials, such as nanorod, nanotube, and nanowire, give a promising solution to increase the electron diffusion length. Electron transport in 1D structure is expected to be several orders of magnitude faster than in random network (Law et al., 2005; Zhu et al., 2007; Thavasi et al., 2009 ). Many works have been done for 1D structure based DSSC and the conversation efficiency is approaching that for 3D nanoparticles based DSSC (Adachi et al., 2004; Ngamsinlapasathian et al., 2004; Jiu et al., 2006; Lee et al., 2009; Ren et al., 2014; Sabba et al., 2014; Shao et al., 2014) .
Usually, the fabrication of DSSC required the addition of binder such as polyethylene glycols (PEG) in order to form the paste with a proper viscosity. The subsequent heat treatment at 450°C for 30 min was then required to remove the binder, and densification of the titania films was achieved. However, for the fabrication of flexible DSSCs, high temperature heat treatment could not be used due to the polymeric substrates. Therefore, a low-temperature process is needed for the flexible plastics. Magnetron sputtering technique has been considered for industrial processes that are applicable to large scale deposition with high uniformity at a relatively low deposition temperature. Gomez et al. (2000a,b) have studied the DSSC assembled with TiO 2 electrode prepared by sputtering technique in the beginning of this century. After that, some works on DSSC based on TiO 2 films prepared by sputtering from the other groups have been reported (Sung and Kim, 2007; Waita et al., 2007; Hossain et al., 2008; Kang et al., 2008) . However, so far the energy conversion efficiency is still low for the DSSCs based on sputtered TiO 2 films as it cannot adsorb a large amount of dye molecules because of the lower specific surface area resulting from the compact structure, which is a typical characteristic of www.frontiersin.org the sputtered films. In order to improve the adsorption of the dye molecules, it is necessary to get the porous structure instead of the compact one. In our previous studies, the TiO 2 nanorods have been made by DC reactive magnetron sputtering and the effects of the nanorods dimension, blocking layer, and annealing temperature on the efficiency of DSSCs have been reported (Meng et al., 2010 (Meng et al., , 2011a (Meng et al., ,b, 2013 Meng and Li, 2011) . In this work, the effect of the sputtering pressure on the structure of these nanorods is discussed and the DSSCs were assembled using these TiO 2 nanorods as the electrode. The photovoltaic properties of DSSCs are studied.
EXPERIMENTAL SECTION
The titanium oxide films were deposited both on glass and commercial ITO substrates by DC reactive magnetron sputtering technique. The films deposited on glass substrates were used for the simulations of the transmittance in order to get the film thickness and the optical constants. The films deposited on ITO substrates were used for DSSCs. The commercial ITO substrate has a resistance per square of 30-40 Ω. The target was titanium metal with a purity of 99.99% (Φ 60 mm × 3 mm, Grikin Advanced Materials Co., Ltd.). The sputtering system was pumped using a turbo molecular pump backed with a mechanic pump. Before the deposition, the chamber was evacuated to 1 × 10 −3 Pa, and then high purity Ar and O 2 gases were introduced into the chamber. All the gas flows were controlled by individual mass flow controller. For all deposition processes, the oxygen partial pressure in the chamber was kept at 5 × 10 −2 Pa, and the total sputtering pressure was varied from 0.7 to 4 Pa. The distance between the target and the substrate was kept at 60 mm. No extra heating and biasing have been applied for the substrate during all the deposition processes. The sputtering current was kept at 0.52 A for all the depositions and the cathode potential was varied from 420 to 460 V when the total pressure is varied from 4 to 0.7 Pa.
The transmittance of the films was measured using a Jasco V-550 UV-Vis spectrophotometer. The film thickness and the optical constants have been calculated by fitting the transmittance using Scout software. The XRD measurements have been done using Rigaku miniflex goniometer (30 kV, 15 mA). The surface morphologies were studied using field emission scanning electron microscope (FE-SEM). In order to get the clear images, the low vacuum model has been used. Raman scattering measurements have been done using a semiconductor laser and a 532 nm laser line is used as exciting light. The laser line is focused on the sample surface in a strict 180°backscattering geometry.
The deposited TiO 2 films were sensitized with N719 dye by soaking the films in an ethanolic solution of the N719 dye [0.5 mM of (Ru(II)L 2 (NCS) 2 :2TBA, where L = 2,2 -bipyridyl-4,4 -dicarboxylic acid] for 24 h at room temperature. The counterelectrode is sputtered Pt on the FTO glass and the electrolyte is composed of 0.1 M I 2 , 0.1 M LiI, 0.6 M 1-hexyl-3-methylimidazolium iodide, and 0.5 M 4-tert-butylpyridine in 3-methoxypropionitrile. The photocurrent-voltage measurements were carried out with a princeton 2273 applied research electrochemical system, a 500 W xenon lamp under AM 1.5G (100 mW cm −2 ) illumination and a water filter. The light intensity was adjusted to 100 mW/cm 2 . Cells were tested using a metal mask with an active area of 0.15 cm 2 .
RESULTS AND DISCUSSION
The deposition rate of TiO 2 films as a function of the sputtering pressure is shown in Figure 1 . The deposition rate shows a quick decrease when the sputtering pressure is increased from 0.7 to 1 Pa and a gradual decrease when the pressure is increased further to 4 Pa. In the sputtering process, positively charged argon ions from the plasma are accelerated toward the negatively biased target (cathode), resulting in material being sputtered from the target surface and then deposited on the substrate. As the sputtering pressure is increased, the collision rate between Ar ions with neutral Ar atoms will also increase. It means that the average energy of the Ar ions will eventually decrease because the existing electric field will have less time to accelerate an Ar ion between collisions. On the other hand, collisions of sputtered particles with chamber particles (argon gas and ions) increase as the sputtering pressure is increased. Both of them cause a decrease of the deposition rate with increasing sputtering pressure.
Scanning electron microscope images of the TiO 2 films prepared at different sputtering pressures are shown in Figure 2 . Figure 2A shows the surface SEM images and Figure 2B shows the cross-sectional SEM images. From the Figure 2A , it can be seen that the rough surface has been obtained for all the films. Indeed, a rough surface is desirable for solar energy application because it allows the light that enters into the solar cells through the TCO layer to scatter efficiently so as to enhance absorption. It can also be seen that the structure is totally different for the films prepared at different sputtering pressures. For the film prepared at pressure of 0.7 Pa, only a close-packed compact structure can be observed. The surface view shows the various sizes of angular grains and no voids between the grains can be observed. For the films prepared at pressure higher than 1 Pa, the structure becomes different. Ball of yarn shaped grains and the voids between these grains are observed. The cross-sectional views show that these films have the nanorod structures. The TEM images shown that the surface of these nanorods is very rough (Meng et al., 2011a) , which is favorable for the dye adsorption. From the surface view, it also can be seen that the voids between the grains become big as the sputtering pressure is increased. It means that the film prepared at high sputtering pressure has a more porous structure than film prepared at low sputtering pressure. The microstructure of thin films is related to the mobility of the adatoms during growth. Sputtered atoms from the target make their way on to the substrate through diffusion. At low sputtering pressure, sputtered atoms can www.frontiersin.org reach the substrate without any collision, which means that they can reach the substrate with a relative high energy and result in a dense structure. At high sputtering pressure, the sputtered atoms will collide with the Ar ions or atoms before they reach the substrate and will lose their energy during the collisions. It means that they will reach the substrate with a relative low energy and form a porous structure. The results are agreed well with the structure zone model (Thornton, 1974) . (Lazzeri et al., 2002) . Generally, anatase TiO 2 single crystal is dominated by [101] planes, which are thermodynamically stable due to a low surface energy. However, for polycrystalline films, not only the surface energy but also the strain energy of grains formed in the films will influence the development of the texture. The effects of strain energy minimization are qualitatively similar to those of surface and interface energy minimization in that normal grain growth cannot occur until the subpopulation of grains favored by strain energy minimization has consumed all grains with other orientations (Thompson, 2000) . The competition between surface energy and strain energy during film growth might contribute to the changes in texture of the grains as observed in Figure 3 . For sufficiently thin films, surface and interface energy minimizing textures are favored but for the thicker films with higher elastic strains, strain energy minimizing textures are formed (Thompson, 2000) . We have found that the [220] diffraction peak intensity increases with the film thickness and the results will be published elsewhere. It means that the [110] texture is dominated by strain energy minimization and the [101] texture is dominated by surface energy minimization in the growth process. At high sputtering pressure, the mobility of the adatoms in the substrate is low and might result in strain energy minimizing textures favorable during grain growth. At low sputtering pressure, the mobility of the adatoms in the substrate is high and might result in surface energy minimizing textures favorable during grain growth. Figure 5 shows the Raman spectra of the TiO 2 films prepared at different sputtering pressures. Five characteristic anatase Raman modes at 144, 199, 399, 516 , and 640 cm -1 , which are assigned to the E g phononic mode represented by ν 6 , the E g phononic mode represented by ν 5 , the B 1g phononic mode represented by ν 4 , the B 1g phononic mode plus the A 1g phononic mode represented by ν 3 + ν 2 , and the E g phononic mode represented by ν 1 , respectively (Ohsaka et al., 1978; Karunagaran et al., 2003; Alhomoudi and Newaz, 2009) , have been observed for all the samples. No other phases, such as rutile and brookite phases, have been observed, which are in agreement with XRD's results as shown in Figure 3 . It can be seen that the intensity of the Raman peaks decreases as the sputtering pressure increases. By fitting the Raman peak located at 144 cm −1 , it has been found that the FWHM increases from 17.42 to 21.06 cm −1 as the sputtering pressure is increased from 0.7 to 4 Pa. Both the decrease of the peak intensity and the increase of the FWHM can be attributed to the deterioration of the crystallinity of the films. It means that the crystallinity of the TiO 2 films prepared at high sputtering pressure has been deteriorated although they still have a preferred orientation along the [110] direction. This deterioration of the crystallinity of the film may result from the low adatoms mobility on the substrate at high sputtering pressure. Figure 6 shows the photovoltaic performance of DSSCs based on the electrodes of TiO 2 films prepared at different sputtering pressures. It can be seen that the DSSC based on the TiO 2 film prepared at 0.7 Pa sputtering pressure has a very poor photocurrent density. The photocurrent has been improved for DSSCs using the TiO 2 films prepared at the pressure higher than 1 Pa. And the highest photocurrent is reached for DSSC using the TiO 2 film prepared at 2 Pa sputtering pressure. The performance of DSSCs and the characteristics are shown in Table 1 and plotted in Figure 7 . The open-circuit voltage and the fill factor do not present a clear variation with the sputtering pressure. However, the short-circuit current and the conversion efficiency depend very much on the sputtering pressure. They show a similar variation with the sputtering pressure. It means, in these DSSCs, the photocurrent dominates the conversion efficiency. The highest conversion efficiency has been obtained for DSSC using TiO 2 film prepared at 2 Pa sputtering pressure, which also shows the highest photocurrent density. Two key factors will affect the photocurrent density, photoelectron generation, and transportation. Photoelectron generation is related to the quantity of the dye adsorbed on the surface of TiO 2 electrode. As it can be seen from the SEM images that the TiO 2 film prepared at 0.7 Pa sputtering pressure has a very compact structure, which has a small surface area, and results in very small amount of dye molecules adsorbed on the surface and then a very low photocurrent density. When the sputtering pressure is higher than 1 Pa, the porous nanorods structure has been obtained. This structure has larger surface area than compact one and results in an increase of the number of the dye molecules adsorbed on the surface of the TiO 2 and then a high photocurrent density. For clarifying qualitatively the dye adsorption, the transmittance of the TiO 2 electrode before and after dye-sensitized have been measured as shown in Figure 8 . The TiO 2 electrode prepared at 0.7 Pa sputtering pressure can only adsorb a very small amount of dye molecules and the dye adsorption cannot be seen clearly by measuring the transmittance. So the transmittance spectra before and after dye-sensitized of this sample have not been shown in this figure. From Figure 8 , it can be seen clearly that all the TiO 2 electrodes have absorption around the 520 nm resulted from the dye molecules. It can also be seen that the absorption has a great increase when the sputtering pressure is increased from 1 to 2 Pa. When the sputtering pressure is increased further, the absorption shows a very small decrease. By fitting the transmittance of the TiO 2 films prepared at different sputtering pressures, the refractive index of these films has been calculated and presented in Figure 9 . The porosities of the films have been estimated using the refractive index of the films at 500 nm. The results are listed in Table 1 . The porosity of the film increases from 1 to 24% when the sputtering pressure is increased from 0.7 to 1 Pa due to the change of the structure. The porosity increases gradually from 24 to 34% as the sputtering pressure is increased further from 1 to 4 Pa. Generally, the film with high porosity will absorb more dye molecules than the film with low www.frontiersin.org porosity. It means that the absorption should always increase with the pressure. However, the absorption measuring results do not agree with this as shown in Figure 8 . The porosity calculated with the refractive index may differ from the reality and the voids hided inside the film may not contribute for dye absorption. Both of them may cause this conflict result. From the SEM surface images, it can be seen that the voids between the nanorods are small for film prepared at 1 Pa sputtering pressure comparing to the films prepared at pressure higher than 2 Pa although all of them show nanorod structure. This may result in the low adsorption of the dye molecules and a low absorption as shown in Figure 8 . When the pressure is higher than 2 Pa, the voids do not change clearly and result in a similar absorption. From Figure 7 , it can be seen that the photocurrent density decreases with the pressure when it is higher than 2 Pa. The small decrease of the absorption with pressure as shown in Figure 8 may contribute this decrease of the photocurrent. However, it is suggested that the [220] crystallization also has contributions in it. The photoelectrons may have a large diffusion length along the [110] direction and result in an increase of the photocurrent density. From Figures 3 and 4 , it can be seen that the [220] diffraction peak intensity decreases as the pressure is higher than 2 Pa and results in a low photocurrent density. It seems then that, in this matter, the higher porosity and the lower crystallinity that result from the increase of the sputtering pressure work in opposite tendencies; the best results being obtained for 2 Pa.
CONCLUSION
TiO 2 films were prepared at different sputtering pressures by DC reactive magnetron sputtering. The [110] direction oriented nanorods structure were obtained for the films prepared at the pressure higher than 1 Pa. The [110] texture is dominated by strain energy minimization and the [101] texture is dominated by surface energy minimization in the growth process. The DSSCs assembled using these TiO 2 films with nanorods structure show better conversion efficiency than those using TiO 2 films with a compact structure. The [110] texture may favorite the charge transportation and the maximum conversion efficiency was achieved for DSSC assembled using TiO 2 film with the strongest [110] texture.
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